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In this report, the applicability of local vortex identification criteria to experimental data is
discussed. Instantaneous volumetric flow fields are obtained using Tomographic Parti-
cle Image Velocimetry (Tomo-PIV). The measurement regions are allocated in the shear
layer of a bluff-body wake flow, representing a generic rocket configuration. Experiments
are conducted for subsonic freestream conditions (Ma∞ = 0.2). The availability of vol-
umetric data enables the derivation of spatial gradients and thus the study of the ve-
locity gradient tensor ∇~v. The choice of an appropriate vortex onset threshold for both
Q- and λCi-criterion is discussed to isolate large-scale coherent structures within the
shear layer and to minimize the influence measurement noise. A statistical analysis is
performed for different measurement volumes investigating the shear layer evolution
between 0.2 and 1.6 diameters downstream of the base plane. The three-dimensional
swirling strength λCi is decomposed into cylinder components. In qualitative agreement
to recent numerical simulations, a distinct reorganization process of the coherent struc-
tures is observed. Tangential eddies, initially originating in the instability of the shear
layer, gradually break up into three-dimensional structures, whereas final stages of the
measurement region favour axially orientated vortices.
1. Introduction
Over the past decades, a multitude of identification criteria have been proposed to
study vortical structures in three-dimensional flow fields. In general, it is agreed that an
appropriate criterion must selectively detect swirling motion and must be invariant to
Galilean transformations [1]. The latter requirement ensures that the criterion does not
depend on the convection velocity of the vortex core, implicitly ruling out the consider-
ation of instantaneous streamlines in a model-fixed coordinate system. The majority of
identification schemes represents a local approach based on the velocity gradient ten-
sor ∇~v, like the Q-criterion by Hunt, Wray and Moin [2], as well as the λCi-Criterion by
Zhou, Adrian, Balachandar and Kendall [3]. Not considered here, but also frequently ap-
plied are the ∆- and λ2-approaches [4,5]. A detailed comparison of the abovementioned
criteria is given in [6].
The current work investigates vortical structures within the shear layer of a bluff-body
wake flow, representing a generic rocket configuration. Numerical studies (both Large
and Detached Eddy Simulations) performed by Deck and Garnier [7] for a comparable
geometry at Ma∞ = 0.7 reveal that the shear layer is populated by small-scale vortices
of high intensity. Applying Q-criterion, it is shown that the vortex structure exhibits a
distinct spatial reorientation process. In the initial stages, the shear layer is governed
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FIGURE 1. Model geometry. FIGURE 2. Measurement volumes.
by toroidal structures which gradually break up into three-dimensional structures. In
contrast, eddies in later stages are primarily aligned in streamwise direction. Similar
observations regarding the current configuration have been reported in numerical in-
vestigations by You, Lüdeke and Hannemann [8] for Ma∞ = 0.2 and in experimental
work by Scharnowski and Kähler [9] for Ma∞ = 0.7.
In contrast to Computational Fluid Dynamics, experimental studies on this topic face
additional issues. For instance, Perret [10] investigates the shear layer of a quasi two-
dimensional cylinder placed perpendicular to freestream direction. Using planar two-
component (2C) PIV, only a two-dimensional subset of the velocity gradient tensor can
be considered, enabling the study of vortex components perpendicular to the measure-
ment plane. It is suspected that the measurements may be biased by the presence of
out-of-plane velocity components. Also, vortex axes that are inclined with respect to the
measurement plane yield distorted or elliptical structures. This problem can be coun-
tered by using volumetric measurement techniques like Tomographic Particle Image
Velocimetry (Tomo-PIV), which is able to acquire the three-component velocity vectors
~v in a measurement volume (3D3C-PIV). In this case, the availability of spatial deriva-
tives allows for an evaluation of the three-dimensional ∇~v-tensor. Despite being a rather
innovative technique, Tomo-PIV has already demonstrated its capability of detecting co-
herent structures in 3-D space, e.g. in case of a round jet [11] or a supersonic boundary
layer [12].
2. Model geometry and experimental setup
The model consists of a slender, cylindrical main body with an adjoined conical nose
section and an overall length-to-diameter ratio of 10. With respect to subsonic freestream
conditions (Ma∞ = 0.2, ReL = 4.4 · 106), the sting support of the model is covered by
a NACA 0015 fairing. Further details on the geometry can be taken from Fig. 1, along
with the definition of the coordinate system.
Experiments investigating the macroscopic layout of the base flow and the corre-
sponding turbulence levels are described in references [13] and [14]. With respect to
the wake structure, four measurement volumes designated a), b), c) and d) have been
allocated to follow the evolution of the shear layer. Positions and dimensions of the
volumes are depicted in Fig. 2 along with streamlines in the horizontal x, y-plane. Con-
tours correspond to the two-dimensional representation of the turbulence level Tu =
[0.5(u′+v′)]0.5/U∞, with highest levels (up to 20%) occurring at the shear layer interface
between external flow and base flow.
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FIGURE 3. Sketch of the experimental setup (left), camera mounts and light volume optics (right).
Instantaneous snapshots of the velocity distributions are captured using Tomo-PIV.
A detailed description of the working principle is given in [15] and is only briefly sum-
marized here. The airflow is seeded with vaporized DEHS oil droplets serving as tracer
particles. The measurement volumes are illuminated using a double-pulsed, frequency-
doubled Nd:YAG laser with a pulse energy of 120 mJ. Width and height of the laser cross-
section can be adjusted separately, in each case using a pair of diverging/converging
cylinder lenses and a rectangular aperture, providing a nearly collimated beam. Particle
images are acquired using four PIV cameras with different viewing angles, each line of
sight enclosing an angle of approx. 40◦ to the face normal of the measurement region.
The laser beam crosses the measurement volume from bottom to top, with two cameras
operating in backward scatter (sensicam.qe, 1.4 MPix, f = 180 mm, f/# = 8) and two
cameras in forward scatter (pco.2000, 4 MPix, f = 200 mm, f/# = 8). Gimballed lens
mounts were designed to meet the Scheimpflug criterion in 3-D space. Sketches of the
setup can be seen from Fig. 3. The region of interest is limited to 30 × 11 × 56 mm3
(x/y/z). The cameras are calibrated using images of a two-level target. Camera sys-
tem, laser and target are mounted on precision traverse systems to allow a convenient
translation of the measurement volume.
Evaluation of the double-images (∆t = 8µs) is accomplished using commercial soft-
ware (LaVision DaVis 8). After reconstruction of the 3-D particle positions, the parti-
cle shifts and thus the local flow velocities are determined. The tomographic approach
strongly depends on the calibration quality [16], which is corrupted by slight but unavoid-
able camera oscillations originating in vibrations of the tunnel motor and aerodynamic
excitation in the open test section. To counter the corresponding misalignments, a sin-
gle image self-calibration process is applied. This methodology provides a sufficient re-
construction quality, and the Tomo-PIV results agree well with preliminary standard PIV
(2C/3C) measurements [17]. The subsequent volume correlation is a straightforward ex-
tension of planar methodologies. The iterative process uses final interrogation volumes
sized (42 px)3 and an overlap of 75%, yielding a vector spacing of about 0.45 mm.
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3. Vortex identification criteria
3.1. Q-criterion
Hunt et al. [2] define an eddy zone by means of the second invariant Q′ of the velocity
gradient tensor ∇~v:
Q′ =
1
2
(
P 2 + ‖Ω‖2 − ‖S‖2) (3.1)
using the definitions of the first invariant P , the rate-of-rotation tensor Ω and the rate-of-
strain tensor S:
P = ∇ · ~v, Ω = 1
2
(∇~v +∇~vT ) , S = 1
2
(∇~v −∇~vT ) (3.2)
In incompressible flow domains, P = du/dx + dv/dy + dw/dz equals zero as a con-
sequence of continuity equation and can be omitted from Eq. (3.1). Hence, Q can be
interpreted as the excess of rotation over strain:
Q =
1
2
(‖Ω‖2 − ‖S‖2) (3.3)
In this equation, ‖.‖ marks the Frobenius norm. For experimental data, P will in general
deviate from zero due to measurement noise affecting the determination of the velocity
gradients. Therefore, the average value of P can be considered as a measure of noise.
With respect to Eq. (3.1), the quotient between ‖Ω‖2−‖S‖2 and P 2 will be interpreted as
signal-to-noise ratio, as it compares the vortex strength to the noise level. Consequently,
using Eq. (3.3):
‖Ω‖2 − ‖S‖2
P 2
=
2 ·Q
P 2
(3.4)
3.2. Swirling strength criterion
Following the argumentation of Zhou et al. [3], a vortical region is characterized by the
occurrence of a complex Eigenvalue pair of ∇~v, which corresponds to a swirling motion
in a plane spanned by the corresponding Eigenvectors. Therefore, the swirling strength
λCi is defined as:
λCi = image (eig (∇~v)) (3.5)
This quantity can be decomposed into Cartesian components by evaluation of two-
dimensional subsets of the velocity gradient tensor. In this case, information on the
vortex sense of rotation may be added by multiplying the 2-D swirling strength with the
sign of the corresponding vorticity [12]. For instance regarding x-component, this yields:
λx = sign(ωx) · image [eig ((∇~v)x)] (3.6)
= sign
(
∂w
∂y
− ∂v
∂z
)
· image
[
eig
(
∂v
∂y
∂v
∂z
∂w
∂y
∂w
∂z
)]
Q and swirling strength are normalized (index ’n’) using the model diameter D and the
freestream velocity U∞:
Qn = Q ·D2 · U−2∞ , λCi,n = λCi ·D · U−1∞ (3.7)
With respect to the axisymmetric model geometry, both spatial coordinates and 2-D
swirling strength components are transformed into a cylindrical coordinate system, see
Fig. 4 and Fig. 5.
Application of Vortex Criteria to Experimental Volumetric Flow Fields 89
FIGURE 4. Spatial coordinates (cyl. system). FIGURE 5. Vortex components (cyl. system).
4. Threshold choice
In a strict sense, a vortex region is defined by either Q > 0 or λCi > 0. A positive
threshold may be applied to concentrate on the most significant structures only and to
separate flow features from background noise. Perret [10] determines the background
noise of the applied 2C-PIV system through comparative measurements of a wind tunnel
test section with negligible freestream turbulence level. In this case, the cut-off noise
level is estimated to λCi,n = 2.2.
As the freestream turbulence is not negligible in the present case, a different approach
was introduced. The following considerations refer to the dataset of volume a), in total
representing more than 108 data points (600 samples with each > 200.000 velocity vec-
tors). The blue graphs in Fig. 6 depict the vortex density as function of the threshold
choice for Qn (left) and λCi,n (right). ’Vortex density’ is defined as the average percent-
age of a flow field belonging to a vortical region. For the threshold choices Qn = 0 and
λCi,n = 0, the vortex densities are about 35 % and 70 %. In this case, both criteria
obviously yield very different results. With increasing threshold, both criteria expectedly
identify less vortices. For small positive values, both graphs exhibit a steep gradient in-
dicating a high sensitivity in this area. For higher thresholds, the identified structures
become more independent from the threshold choice.
For further investigations, two sub-volumes are extracted from measurement volume
a): One represents a turbulent region within the shear layer (Fig. 6, black graphs),
whereas the other sub-volume is situated in the external flow (Fig. 6, red graphs). For
Qn = 0 and λCi,n = 0, both sub-volumes approximately exhibit the same vortex den-
sity, which is questionable due to the different flow regimes. For positive thresholds, an
increasing margin between both flow regions can be observed (Fig. 6, dashed green
graphs), as the vortex density decreases much faster in case of the external flow. The
greatest difference is observed around Qn = 20 and λCi,n = 3.5.
Figure 7 depicts isosurfaces of the quantities Qn and λCi,n for an exemplary instanta-
neous flow field and different threshold choices. To improve clarity of the graphs, the dis-
tributions were smoothed using a Gauss filter in a 33 neighbourhood. The ability to iden-
tify small-scale coherent structures is limited by the depth of the volume (∆y = 0.1 ·D)
and the spatial resolution. The expected core radius of shear layer vortices is typically
around 0.02 · D [10], suggesting that the dimensions of the measurement regions are
appropriate. Yet it should be noted that each volume contains between 24 and 26 veloc-
ity vectors along y-axis, with only every fourth vector statistically uncorrelated due to the
correlation overlap of 75 %. For Qn = 0 (Fig. 7, left), the isosurfaces exhibit a very turbu-
lent and/or noisy layout with no distinct coherent structures. When choosing a threshold
of Qn = 20, corresponding to the maximum differentiation between shear layer and ex-
ternal flow, filamentous or tube like structures can be identified. Comparable structures
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FIGURE 6. Vortex density as function of threshold Qn (left) and λCi,n (right), volume a).
Qn = 0 Qn = 20 λCi,n = 3.5 λCi,n = 6.5
FIGURE 7. Isosurfaces of Qn and λCi,n, exemplary flow field of volume a).
were shown before in similar studies [7, 18]. The average vortex density of Qn = 20 is
about 15%, which corresponds a normalized value of 6.5 regarding λCi-criterion. The
associated isosurfaces (Fig. 7, right) show a very good agreement to the Q-criterion,
which becomes most apparent in two ring-like structures that were encircled red in both
illustrations. Although it is not expected that both criteria are identical (a detailed anal-
ysis on the differences is given in [6]), a statistical analysis reveals that the correlation
coefficient γ between Qn and λCi,n is above 0.9 and exhibits an ascending trend for an
increasing Q-threshold (Fig. 8). In contrast, the quantity Q is only slightly correlated to
the noise-induced 0.5 · P 2, as the corresponding γ assumes positive values below 0.3,
also see Fig. 8. This explains a growth of the averaged signal-to-noise ratio defined by
Eq. (3.4) for increasing values of the threshold Qn, see Fig. 9. In summary, an appropri-
ate vortex onset threshold is useful to isolate vortical structures within the shear layer
and to suppress measurement noise. To identify large-scale vortical structures in three-
dimensional space, both Q- and λCi-criteria may be applied and yield similar results.
For further considerations, the condition λCi,n ≥ 6.5 will be used.
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FIGURE 9. Signal-to-noise ratio.
λax λrad λtan
FIGURE 10. Decomposition into areas with prevailing axial, radial and tangential components
(left to right), exemplary flow field of volume a).
5. Evolution of the shear layer
Figure 10 depicts the decomposition of the flow structures for λCi,n ≥ 6.5 as shown
in Fig. 7, right, into areas with prevailing axial, radial and tangential components. With
respect to Eq. (3.6), the two-dimensional vortex strengths can assume positive and neg-
ative values, which is illustrated by light and dark shading, respectively. In this example,
positive and negative senses of rotation are rather balanced for axial and radial compo-
nent, whereas tangential components favour positive values. A single negative spot can
be observed near the top of the volume and has been marked for visualization reasons.
As it is difficult to extract the evolution of the shear layer from instantaneous samples
of the flow field, a statistical analysis is performed using the following methodology: At
first, vortical regions are identified in three-dimensional space for each sample, followed
by a decomposition into cylindrical components. Afterwards, an averaging is performed
for all vortex events of a given grid point. Regarding the chosen threshold and the num-
ber of available samples (600), about 90 events are taken into account. To further reduce
the variation throughout the volume, the quantities are averaged over two of three spatial
directions.
In this context, Fig. 11 depicts the evolution of the shear layer versus streamwise posi-
tion x. The averaged values for λ2 represent the magnitude of the decomposed swirling
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FIGURE 11. Squared swirling strength versus streamwise position x.
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
100
110
120
130
140
x/D
λ
2
n
a) b) c) d)
 
λCi
FIGURE 12. Three-dimensional, squared swirling strength λCi versus streamwise position x.
strength regardless its sense of rotation. At the most upstream position (x/D = 0.19),
the squared tangential component has a dominating influence and surpasses both axial
and radial squared components by a factor of about 2.5. For 0.19 ≤ x/D < 0.45, λ2tan
decreases whereas λ2rad and λ2ax simultaneously increase. At the downstream border of
volume a), x/D = 0.4, the ratios λ2tan/λ2ax and λ2tan/λ2rad are reduced to 1.4, indicating
a reorganization process of the eddy structure. Unfortunately, the measurement region
could not be extended further upstream due to laser light reflections at the base. Nev-
ertheless, the evolution of volume a) suggests that shear layer vortices initially originate
in tangential instabilities, e.g. the Kelvin-Helmholtz mechanism.
The evolution for volumes b) to d) can be summarized as follows: The magnitude of
the radial component remains near-constant for 0.58 ≤ x/D < 1.58. Axial components
gradually gain in importance, whereas the tangential component further diminishes until
in volume d) reaching the level of radial vortices. At x/D = 1.58, the ratio λ2tan/λ2ax
accounts for about 0.66.
Figure 11 depicts the evolution of the squared, three-dimensional swirling strength
λ2Ci. With a (global) maximum around 130 and a minimum around 115 normalized units,
the variation of λCi is small compared to the variations in the decomposed quantities
λax, λrad and λtan. A close look at Fig. 11 and Fig. 12 reveals steep, unphysical slopes
of the swirling strength at both up- and downstream boundary of each measurement vol-
ume (first and last 2-3 vectors). Even though it may be assumed that this phenomenon
is attributed to some kind of boundary effect occurring during evaluation process, further
investigations are necessary to understand this behaviour.
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FIGURE 13. Average sense of rotation versus streamwise position x.
Figure 13 presents the evolution of λ/|λ|, which indicates the averaged sense of ro-
tation on a scale between -1 and 1, for volumes a) to d). Both axial and radial com-
ponents have no preferred rotational sense. This result is expected, as a mean swirl
along these directions contradicts a rotationally symmetric flow field. Even though DES
calculations by You et al. [8] show that wake of the sting support amplifies the roll-up
mechanism in the shear layer and thus introduces asymmetries, the positioning of the
current Tomo-PIV volumes avoids the region of the sting wake. Tangential eddies have
a strong preference towards a positive sense of rotation. Given the definition in Fig. 4,
this complies to instabilities induced by the shear layer velocity profile. The preference
is most apparent at the upstream border of volume a), about 0.82 at x/D = 0.18, and
slowly decays to 0.2 at x/D = 1.58.
Considering Fig. 11 and Fig. 13, it is apparent that only volume a) exhibits a distinct
evolution along x. For b), c) and d), the swirling strengths seem rather constant across
each volume but shift in between, yielding a "staircase"-shaped appearance. This sug-
gests that not the streamwise, but the radial coordinate may be the main influencing
variable here. Given the shape of the measurement regions, only a small radial range
is covered by each volume. Figure 14 depicts λ2 and λ/|λ| as function of r using nine
sampling points per measurement region. For decreasing radial position, the reorienta-
tion from tangential to axial eddies and the decaying rotational preference of tangential
eddies is confirmed. In these representations, the graphs exhibit steady trends with ap-
proximately matching overlapping areas between each volume.
Conclusion
The shear layer of a bluff-body wake flow was investigated using Tomographic Parti-
cle Image Velocimetry, providing volumetric data on instantaneous flow fields. Vortical
structures were identified using both Q- and λCi criterion. It was shown that an appropri-
ate vortex onset threshold is required to isolate large-scale coherent structures and to
dampen measurement noise. The clarity of the visualization regarding isosurfaces of Q
and lambdaCi was improved by applying Gauss-filtering. A statistical evaluation reveals
that the initial structures are composed of tangentially orientated eddies with strong ro-
tational preference. After a gradual break-up into three-dimensional structures, the final
stages of the shear layer are predominantly governed by axial vortices without preferred
sense of rotation. The results comply to recent CFD simulations, a quantitative compar-
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ison to Detached Eddy Simulations performed by sub-project B5 is planned as further
analysis.
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